Purpose: All present dosimetry protocols recommend well-guarded parallelplate ion chambers for electron dosimetry. For the guard-less Markus chamber, an energy dependent fluence perturbation correction p cav is given. This perturbation correction was experimentally determined by van der Plaetsen by comparison of the read-out of a Markus and a NACP chamber, which was assumed to be "perturbation-free". Aim of the present study is a Monte Carlo based reiteration of this experiment. Methods: Detailed models of four parallel-plate chambers (Roos, Markus, NACP and Advanced Markus) were designed using the Monte Carlo code EGSnrc and placed in a water phantom. For all chambers, the dose to the active volume filled with low density water was calculated for 13 clinical electron spectra (E 0 = 6 -21 MeV) and three energies of an Electra linear accelerator at the depth of maximum and at the reference depth under reference conditions. In all cases, the chamber's reference point was positioned at the depth of measurement. Moreover, the dose to water D W was calculated in a small water voxel positioned at the same depth. Results: The calculated dose ratio D NACP /D Markus , which according to van der Plaetsen reflects the fluence perturbation correction of the Markus chamber, deviates less from unity than the values given by van der Plaetsen, but exhibits similar energy dependence. The same holds for the dose ratios of the other well-guarded chambers. But, in comparison to water, the Markus chamber reveals the smallest overall perturbation correction which is nearly energy independent at both investigated depths. 
Introduction
All present dosimetry protocols [1] [5] which was the principles of clinical electron dosimetry that are summarized. In this report, the so-called in-scattering effect is described in detail: based on the strong reduction of the energy losses and multiple scattering of the electrons in the gas-filled cavity compared to the surrounding phantom material, more electrons are scattered into than out of the cavity. As a result, at the lateral boundary of the air-filled cavity, a dose oscillation arises (see Figure (4.2) in ICRU 35) resulting in an over-response of the air-filled cavity, which according to all dosimetry protocols, has to be corrected by a fluence perturbation correction p cav . In attempt to make the chamber signal insensitive to the in/out electrontransport imbalance and thereby, bringing p cav to unity, modern parallel-plate chambers are equipped with a wide guard ring to keep the region of fluence perturbation at a safe distance from the chamber's collecting volume.
Moreover, all present dosimetry protocols assume a negligible influence of the entrance window and the surrounding wall material on the response of modern parallel-plate chambers, i.e. the wall perturbation correction defined in all dosimetry protocols is assumed to be unity.
In a previous publication, Zink et al. [6] reinvestigated in detail the in-and out-scattering of electrons in gas-filled cavities, which gave a new insight into the perturbation correction p cav for parallel-plate chambers in clinical electron beams. With the help of spatially resolved Monte Carlo calculations, they have shown that the in-scattering effect indeed exists, but they have also shown that a guard ring has only a minor effect on the dose to a gas-filled cavity, especially for cavities with small diameters as in the case of the Markus chamber. The cavity diameter itself has a much larger impact on the dose within the cavity. This is a consequence of the deep radial penetration of the in-and out-bound transport of electrons into the gas-filled cavity. These results question not only the relevance of the guard ring for this chamber type but also the value of the perturbation correction p cav for the guardless Markus chamber given in all present dosimetry protocols. These values are all based on an experimental study performed by Van der Pleatsen et al. [7] in the early 1990s. 
Fundamentals
Following Bragg-Gray theory, the absorbed dose to water D W may be derived from the dose to the air-filled detector D det , the restricted stopping power ratio , w a s ∆ of the materials water w and air a, and a perturbation correction p [5] [8] :
It is assumed that the perturbation factor p may be factorized, for parallelplate chambers it is traditionally split into three components:
where p wall stands for the fluence perturbation due to the chamber wall, p cav the in-scattering of electrons from the surrounding phantom material into the air- For parallel-plate chambers p dis equals unity according to all present dosimetry protocols when the reference point of the chamber (center of the entrance plane of the air-filled cavity) is positioned at the depth of measurement z. Because of the thin entrance window of all parallel-plate chamber types, also the wall perturbation p wall is assumed to be unity. As the NACP chamber is equipped with a wide guard ring (w = 0.33 cm), Van der Plaetsen et al. [7] moreover assumed that for this chamber type also p cav is unity for all electron energies, i.e.
the NACP chamber was considered a perturbation-free ion chamber. Therefore, 
Methods and Material
Comparable to the experiments conducted by Van der Plaetsen, the dose ratio [12] . The ion chambers were modeled in detail with the egs++ geometry package according to the blueprints provided by the manufacturer PTW [13] . In the case of the NACP-02 chamber, the geometry is based on the information given in several publications [14] - [19] . Geometric details of the chambers with their material components are summarized in Table 1 and Figure 1 . The investigation was performed with thirteen clinical electron spectra (6 MeV < E 0 < 21 MeV) taken from literature [20] and a full modeled Elekta Synergy accelerator including an electron applicator with a field size of 10 × 10 cm 2 (see Table 2 for details). For the accelerator model the energies of the primary electrons hitting the scattering foil were E 0 = 6, 12 and 18 MeV. The accelerator was modeled with the BEAMnrc code [21] according to the blueprints provided by the manufacturer.
The user code egs_chamber [22] was applied for the calculation of the dose Table 2 . Characteristic data of the electron sources applied in this study. The Elekta Synergy accelerator was modeled in detail including the electron applicator, for the other accelerators only spectra were used as electron sources [19] . The given data are the mean electron energy at the depth of the dose maximum The source-to-surface distance was 100 cm and the field size at the phantom surface 10 × 10 cm 2 . Also to enable comparability with Van der Plaetsen we additionally determined the mean electron energy E at the depth of measurement. The determination of the mean electron energies at depth z within the water phantom was performed with the user code FLURZnrc [23] . To calculate the total perturbation correction p the dose to water was also calculated at depths z max and z ref within a small water voxel. To avoid the calculation of the stopping power ratios , w a s ∆ , the cavities of the chambers were filled with lowdensity water, i.e. water with the density of air, and a density correction corresponding to normal-density water [24] . In that case, the perturbation correction p can simply derived from the dose ratio
The cutoff/threshold energies for the particle transport were set to 512 keV for elec-trons and 10 keV for photons; all other EGS parameters were set to their default values. Figure 2 shows the ratio of the dose to the active volume of the well-guarded 
Results

Discussion
The new Monte Carlo results in principle confirm the experimental data from
Van der Plaetsen, but the common interpretation of these results may be ques- Carlo simulations from our group [18] confirmed these values and gave additional values for the Advanced Markus and Roos chambers, which were also larger than unity. So, as far as we know, the influence of the wall for all parallelplate ion chambers in clinical electron beams is not negligible, and it is larger than unity.
Regarding the perturbation correction p cav , in a previous study [6] The radius of the cavity of the Advanced Markus chamber including the guard ring is r = 0.45 cm, i.e. also much smaller than those of the NACP and the Roos chambers. Therefore, also a non-unity p cav value should be expected. However, in contrast to all other chambers investigated here, the cavity height of the Advanced Markus chamber is only 1 mm, half the value of the other chambers. Due to this small cavity height the in-scattering of electrons into the chamber's cavity is reduced and the p cav value for the Advanced Markus chamber is near unity [18] [37] .
As the total perturbation correction p given in Figure 3 is the product of the above-mentioned factors p wall and p cav an interpretation for the different chambers and different electron energies emerges. For the NACP, Roos and Advanced Markus chambers the total perturbation correction p is determined mainly by the impact of the chamber walls, i.e. p wall . The energy dependence of p at the depth of the maximum z max as well as at the reference depth z ref follows that of published p wall data. For the simple Markus chamber the corrections p wall and p cav both deviate from unity, but in opposite directions (p wall > 1, p cav < 1), therefore, the total perturbation correction p for this chamber remain close to unity and is nearly independent of the energy (see Figure 3) . Note that strictly speaking our conclusion applies only to the specific depths that were investigated: the reference depth and the depth of dose maximum.
Conclusions
In this study, we repeated an old experimental study performed by Van der Plaetsen using Monte Carlo methods. Van der Plaetsen compared a wellguarded NACP chamber and a guardless Markus chamber in clinical electron beams. The non-unity and energy-dependent signal ratio of both chambers was interpreted as the cavity perturbation correction p cav of the Markus chamber. This result was adopted by all common dosimetry protocols, i.e. they recom-mend applying this energy-dependent cavity perturbation correction p cav for the Markus chamber in clinical electron dosimetry.
In our new Monte Carlo calculations, we also compared the signal ratio of different parallel-plate chambers. Additionally, we calculated the perturbation corrections for the different chambers themselves. The results show that the ratio NACP Markus D D indeed follows an energy dependence similar to the one measured by Van der Plaetsen. However, as the calculation of the perturbation correction p for the different chambers clearly shows, the conclusion drawn by Van der Plaetsen is questionable. Based on the assumption that the NACP chamber is a perturbation-free chamber, he concluded that the ratio Based on our results given in Figure 3 , it seems likely that the recommendation for the cavity perturbation correction p cav for the Markus chamber given in all current dosimetry protocols is incorrect. Furthermore, the assumption that well-guarded parallel-plate chambers are perturbation-free chambers should be revisited.
